The Spitzer Space Telescope is executing the third observing cycle in the `warm' extended phase of the mission. For the warm mission, the observatory was effectively reinvented as a new, scientifically productive mission operating at a substantially lower cost. In this paper we describe the ongoing implementation of improvements in science capabilities during the extended mission phase even as the project budget continues to shrink. Improvements in pointing stability, data compression and data analysis techniques allow for new science opportunities more than 8 years after launch. Engineering analyses have shown that the mission can operate with high reliability and minimal technical risk through at least January 2017.
INTRODUCTION
The Spitzer Space Telescope, NASA's Great Observatory for infrared astronomy, was launched 25 August 2003 [1] . Spitzer provides sensitivity that is almost three orders of magnitude greater than that of any previous ground-based and space-based infrared observatory. The five and half year cryogenic mission was successfully completed in May of 2009. Upon depletion of the cryogen, the instrument chamber warmed to ~27K. At this new equilibrium temperature, the 3.6 and 4.5 micron bands of the InfraRed Array Camera (IRAC, PI: Giovanni Fazio, SAO [2] ) maintain their cryogenic mission performance levels. Science operations for the warm mission began July 28, 2009 and the observatory is now executing Cycle 8, the third cycle of warm observations. The annual operations budget, including data analysis support for the astronomical community, has been reduced by two-thirds from a level of ~$72 million in FY08 to $22-24 million today.
We describe here the efforts made to continue maximizing the observing efficiency and scientific productivity during the extended mission phase even as the project budget continues to shrink. Recent improvements in pointing stability, data compression and data analysis techniques allow for new science opportunities more than 8 years after launch. The observatory continues to execute cutting edge science and remains NASA's most efficient community observatory with more than 90% of the time spent executing science observations. There are no identified engineering obstacles to continuing operations into at least 2017. The planning and implementation of the transition from cryogenic to warm mission operations has been discussed in previous papers (e.g. [3] , [4] ). In this paper we highlight the efforts made to maximize the science return during the warm mission.
EFFICIENT OPERATIONS
To maximize the science output from a limited lifetime mission, observing efficiency is a driving requirement. This influenced the final design of the observatory, instruments and operations concepts. Even though the cryogen has been depleted, several of these design choices help maximize warm operations efficiency.
Instruments
To maximize the science output from a cryogenic mission with a limited lifetime, observing efficiency is a driving requirement. This influenced the final design of the observatory, instruments and operations concepts. Even though the cryogen has been depleted, several of these design choices help maximize efficiency in the extended mission. There was no science benefit to be gained during the cryogenic mission from operating the instruments in parallel as this would just deplete the cryogen more quickly. However, the instruments were designed so that 'internal parallel' observations were available in most observing modes. The IRAC instrument takes data in the 3.6 and 4.5 micron channels simultaneously, even though they do not share the same field of view. The Spitzer instruments are shown in Figure 1 . IRAC is the black instrument in the lower right. 
Observing Modes
The fundamental unit of Spitzer observing is the Astronomical Observing Request (AOR). It is composed of the selected instrument, channel, dithering and mapping parameters chosen from an Astronomical Observation Template (AOT), combined with the targeting information. AOTs provide a limited but powerful set of options for observers to use in crafting their science program. The fact that the combination of options is a finite set gives the observatory a well defined set of modes to calibrate. There are no 'orphan modes', e.g. a grating rarely used or a unique exposure time that requires special calibration. Calibration is robust and special extra calibrations are rarely required.
Command Generation
Providing estimates of the observing time required is of course essential in the proposal planning phase. The software engine that provides the resource estimates for Spitzer is the same software that eventually builds the command products. This means that the estimates are of extremely high fidelity and makes a one-phase proposal process possible for most programs. The original mission plan was completely a one-phase process but this was relaxed, based on experience, so that very large, complex programs did not need to provide a complete set of AORs with the proposal. Science user support is still required to help investigators craft their programs to meet their science goals but after the proposal selection is complete, most of the programs are fully defined. Spitzer Science Center (SSC) resources can then be devoted to the complex and/or large programs that require more attention.
Observing Cadence and Scheduling
The mission is scheduled in one-week blocks with a new master sequence controlling the observations for an entire week. The weeks are divided into periods of autonomous operation (PAOs), which are defined as the time between spacecraft contacts. Science observations do not continue during the spacecraft contacts because the observatory orientation is selected to point the high-gain antenna at the earth. During the cryogenic mission the spacecraft contacts were every 12 to 24 hours and during the warm mission they are every 24 to 48 hours. Non-science observatory activities are minimal and the uplink of sequences and commands and the downlink of the data occur between the PAOs. This results in 20 to 22 hours/day for science observations. The scheduling process takes just over 5 weeks from the start of implementation on the ground to the start of execution on board. Additional time was added to the early part of the scheduling process on the ground for warm operations. See [5] and [6] for more details on the scheduling process. A schematic of the process is shown in Figure 2 . No late changes are made to the approved schedules except for the health and safety of the observatory. Observer errors are not corrected now if discovered after the observing schedule as been approved which occurs ~ 3 weeks before execution begins. This has been made repeatedly clear to the observers and requests for late changes have dramatically decreased during the warm mission.
Programs Supported
It was recognized early in the planning for the warm mission that greater resource reductions would have to be made in the science operations than the mission operations. Even though the observatory was losing two instruments it would still be taking data 24 hours a day, 365 days a year. The only obvious tasks that changed for mission operations was that we no longer needed to monitor or manage the cryogen and the number of spacecraft contacts would be halved. For science operations, support for the MIPS [7] and IRS [8] instruments was no longer required. The MIPS and IRS teams at the SSC comprised less than 20% of the total staffing. Therefore other major changes were required to obtain a substantial reduction in operating costs. The SSC supported ~250 observing programs a year and this has been reduced to ~60 programs annually during the warm mission. This was accomplished with substantial community input [9] that resulted in a new program category of called Exploration Science (ES). ES proposals are > 500 hours is size and have opened up science opportunities that were not available during the cryogenic mission. The Exploration Science programs selected in the most recent cycle are listed in Table 1 .
Proposal Process
Many observatories use a two-phase proposal process, where a science proposal is submitted and peer-reviewed, and only the successful proposers then submit a detailed second phase proposal specifying the details of the observations. Spitzer has used a hybrid process throughout the mission. Small proposals are required to completely specify their observations in their original proposal. The AOTs (discussed in section 2.2) make this feasible for small to moderate sized-programs. Large programs are allowed to submit their science proposal with representative AORS, but they don't have to submit the complete set of AORs until after the proposal is successful. The limited user support resources at the Spitzer Science Center can then be devoted to the programs with the most challenging science programs and/or complex AORs.
During the cryogenic mission, Spitzer held annual in-person proposal reviews involving 100 external reviewers spending 3-5 days in Pasadena to accomplish the review of ~800 proposals. For the warm mission we now receive 150-200 proposals per cycle and the panel reviews are carried out by telecon, followed up by a face-to-face TAC meeting of 8 people. This requires substantially fewer resources to support. Figure 2 . The nominal five-six week scheduling process in shown here. The observatory scheduling is described in detail in the references [5] and [6] .
SCIENCE DRIVEN MISSION ENHANCEMENTS
The science and mission operations teams continue to work closely to further improve the observatory operations and the science data analysis, in particular to support one of Spitzer's key science strengths -the characterization of exoplanets. Over 25% of the time allocated in warm mission has been devoted to science requiring high-precision relative photometry, including exoplanet characterization and investigations of cloud cover and weather for brown dwarfs. Spitzer observations typically reach noise levels within 20% of the photon-noise limit in the unbinned time series. Precisions of 100 ppm are routinely reached, and more recently, precisions of 30 ppm have been achieved [10] . Spitzer's excellent photometric precision enables a wide range of exoplanet science including validation of candidates, measuring planetary radii, characterizing atmospheric composition and thermal lapse rates, and determining the day-night atmospheric temperature difference.
Extracting high-precision photometry from the data is complicated by sources of correlated noise, which must be trended from the data [12] . The most significant source of correlated noise is variations in the gain across individual detector pixels coupled to small telescope motions during the long-staring integrations used for exoplanet observations. Due to the sharpness of the Spitzer point spread function relative to the pixel size, small telescope motions during an observation cause the peak of the observed brightness function to be sampled by different subpixel positions. Since the gain can vary by up to 8% across a given pixel, small motions introduce a small though significant photometric variation. The photometric variations are a source of correlated noise in the photometric time series. Both the telescope and instrument perform far better than the design specification and the amplitude of the correlated noise is typically a fraction of a percent. These observations are typically 8 -24 hours in length and the longest staring observations to date have been 3-4 weeks in duration. Therefore pointing stability and data volume management are key issues.
High Precision Photometry
The IRAC observing modes have been optimized for the warm mission. Additional exposure times have been added to the high-dynamic range mode as well as to the sub-array observing modes. The most significant enhancements have been made to support high precision photometry and are summarized in Table 2 . They are:
1. Reduce spacecraft pointing variations resulting from a sawtooth-shaped periodic wobble, which had an amplitude of 0.15 arcseconds and a period of one hour prior to October 2010.
2. Place the targets more accurately on the desired position on the 'sweet-spot' pixel. This is accomplished using a new mode call PCRS Peak-up that improves pointing accuracy and repeatability.
3. Improved calibration products to allow more sophisticated data analysis techniques using high resolution gain maps. Table 2 . High Precision Photometry Enhancements.
Action

Result Observations Enabled Implemented
Heater cycling increased to reduce pointing wobble.
• 50% reduction in amplitude of photometric wobble due to intrapixel gain variation • 50% reduction in wobble period
• Transit measurements improved through 50% smaller correlated noise signatures and moving wobble period away from transit durations • Exoplanet science observations improved through reduced systematics
October 2010
Use of PCRS Peakup to place stars precisely on IRAC arrays.
• Pointing repeatability improves from 0.3 arcsec rms to 0.08 arcsec rms • Position source on region of minimal gain variation resulting in a two to five times reduction in correlated noise
• Permits longitudinal temperature profiles of exoplanets using sparsely sampled observations, doubling number of planets surveyed • Improves full-phase light curves through mitigation of pointing drift • Improves precision of exoplanet data and facilitates co-addition of multiple transits by placing targets on position of minimal gain variation • Improves precision of exoplanet data via development of intra-pixel gain map
December 2011
Independent, facilityprovided intra-pixel gain map.
• Better than 100 ppm map of intra-pixel gain • Removes systematic uncertainly inherent with self calibration
MarchSeptember 2012
Pointing Wobble: The pointing wobble was correlated with the cycling of a heater that maintains the battery near a constant temperature. The battery is located near the position where the star-tracker attaches to the spacecraft bus. The pointing wobble is thought to result from thermal warping of this attachment point, causing the tracker boresight to wander in phase with the heater cycling. The heater ON/OFF range was initially set to 2 K (range of 4 data numbers). A thermal analysis revealed no issues with reducing the cycling range to 2 DNs or 1 K and this was implemented in October 2010. As a result, the heater cycles with half the amplitude and double the frequency. Reducing the heater amplitude had the desired result of reducing the amplitude of the pointing wobble by 50% as well as reducing the period of oscillation to ∼36 minutes. The reduction in pointing wobble amplitude cuts the photometric variation in half and shifts the spectral power of the wobble further away from the period of planetary transits and eclipses (typically an hour or more). The shift in period makes aliasing of exoplanet signatures less likely. This is shown graphically in Figure 3 . 
PCRS Peak-Up:
The PCRS Peak-up mode was implemented in late 2011 and provides enhanced accuracy in positioning a target on a specific part of an identified pixel which and can improve greatly the photometric precision in staring mode observations. The mode uses the Pointing Calibration and Reference Sensor (PCRS) on the observatory. The PCRS was used to peak-up on sources for the IRS instrument during the cryogenic mission. The PCRS operates in the visual part of the spectrum (505-595 nanometers) and its main function is to calibrate and remove the optical offset between the star trackers and the telescope. The PCRS can measure the centroids of stars in the magnitude range 7.0 < V < 12.5 to an accuracy of better than 0.14" (1 sigma radial). Because of intra-pixel sensitivity variations the measured flux of a point source varies by about 8% in the 3.6 µm array (Channel 1) and 4% in the 4.5 µm array (Channel 2), depending on where the target centroid falls on a pixel. This "pixel phase effect" is the most significant source of correlated noise in staring mode observations. PCRS peak-up allows the positioning (and repositioning for multiple observations) of a target to an accuracy of about 0.1 pixel, reducing the range of the pixel phase effect.
Intra-pixel Gain Maps: In parallel to implementing the PCRS Peak-up as an observing mode, the IRAC Instrument support team at the SSC is building high precision maps of the intra-pixel photometric variation in a region approximately 1/4 pixels on a side, centered on the intra-pixel gain "sweet spots" (positions of maximum sensitivity) for the 3.6 and 4.5 micron sub-array fields of view. These maps will enable the intra-pixel gain correction of staring mode observations of point sources without using the science observations themselves. For details see Ingalls, et al., this volume [11] .
Data Volume and Compression
Spitzer is in an earth-trailing orbit and continues to drift further away from the earth every year. The rate at which data can be downlinked is now 550 -1100 bps, due the increased distance from the earth, compared to 2.2 Mbps during the bulk of the cryogenic mission. The amount of data that can be stored on the mass memory card on board is also limited. For its primary full-array observing mode, IRAC nominally takes data in both the 3.6 and 4.5-micron channels. Data taking for one channel can be turned off for observations where the second channel is not scientifically useful and data volume is an issue.
The IRAC and Observatory Engineering Teams have designed an implemented two different modifications in the data compression strategies ( Table 3 ) that lead to 20-40% improvements in the data compression. These enable longer staring observations of bright targets using short exposure times, as well as larger area shallow surveys. Table 3 . Data Compression Improvements.
Action
Result Observations Enabled Implemented
Offset modification to Rice compression.
Previously incompressible data compresses by 40%.
Longer stares of brighter exoplanets and larger area shallow surveys. November 2011
Drop least significant bit of IRAC data.
Improves data compression of all science data by ~20%.
Higher data volume observations at lower downlink rates and higher cadence observations.
Dec 2011 to July 2012
SUMMARY
The Spitzer Space Telescope continues to deliver forefront science that addresses all of the major themes of Astro2010 Decadal Survey. Now in the third year of our extended warm mission, the project continues to implement improvements to maximize the science return from the observatory. This paper provides an overview and several more detailed Spitzer papers from this conference are summarized below. Lowrance, P.J., et al., "Modifications to the Warm Spitzer data reduction pipeline", PAPER 8442-117 [14] Carey, S.J et al., "Absolute photometric calibration of IRAC: lessons learned using nine years of flight data", PAPER 8442-69 [15] Hora, J.L., et al., "The IRAC point response function in the Warm Spitzer Mission", PAPER 8442-118 [16] 
